The United Network for Organ Sharing recently altered current liver allocation with the goal of decreasing Model for End-Stage Liver Disease (MELD) variance at transplant. Concerns over these and further planned revisions to policy include predicted decrease in total transplants, increased flying and logistical complexity, adverse impact on areas with poor quality health care, and minimal effect on high MELD donor service areas. To address these issues, we describe general approaches to equalize critical transplant metrics among regions and determine how they alter MELD variance at transplant and organ supply to underserved communities. We show an allocation system that increases minimum MELD for local allocation or preferentially directs organs into areas of need decreases MELD variance. Both models have minimal adverse effects on flying and total transplants, and do not disproportionately disadvantage already underserved communities. When combined together, these approaches decrease MELD variance by 28%, more than the recently adopted proposal.
| INTRODUC TI ON
Organ allocation in the United States is guided by the ethical principles of utility, justice, equity, fairness, and respect for persons. UNOS donor service areas (DSAs) in order to decrease the perceived geographic differences in severity of disease at the time of liver transplant across the country. In response, the LIC proposed 3 distinct models: "redistricting," in which the country would be divided into 4 or 8 districts based on measures of supply and demand, 4 "concentric circles," based on the distance between the recipient center and the donor hospital, and an innovative "neighborhood" model based on nearest neighbors. 5 The model finally chosen incorporated concentric circles into the allocation scheme. The UNOS stated plan is to continue to evaluate alternative distribution algorithms and adjust policy, making other potential approaches to the problem of differences in liver availability across the country highly relevant.
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Analysis of proposed solutions by the Scientific Registry of Transplant Recipients (SRTR) using Liver Simulated Allocation
Modeling (LSAM) suggested they share similar features. 6 Each was predicted to be successful in the primary intended purpose of decreasing the variance of Model for End-Stage Liver Disease (MELD)
at transplant. An additional benefit was that these models were predicted to decrease the total number of pretransplant deaths.
Disadvantages included predicted decreases in the total number of transplants due to increased discards associated with logistical complexity, increases in the number of posttransplant deaths, and disproportionate loss of transplants in areas of the country considered to be rural or have poor overall healthcare. In addition, these models increased the number of flights required to transport the organs, with concomitant increases in costs for travel, risk to transplant teams, and marginally increased cold times.
A further concern with the proposed models was the lack of relief provided to areas of very high median MELD at transplant, for example, Southern California, where median allocation scores currently are >35. This is due to the large size of the population and relative geographic isolation. Furthermore, neighbors such as Oregon, Washington, Utah, and Colorado, geographically situated to share with California, are both smaller and themselves have relatively high transplant MELDs that are not improved under these proposals.
These models are developed in the context of statutory direction and community consensus suggesting an overriding consideration for "best use of organs." In other words, organs should be used in patients who, using best available data, are expected to benefit from the transplant. Important recent work suggests that patients with a MELD of <15 do not benefit from liver transplantation, 7, 8 and this work drove allocation policy prioritizing patients with a MELD of 15 or above in allocation algorithms. These data establish best practices for an individual patient, but do not address the public health question about whether this is the best overall national strategy. It is not clear whether raising this threshold could help decrease differences in access to transplantation while simultaneously improving overall waiting list mortality.
To address these concerns, we developed general strategies to deal with disparity, and tested them using the source code and LSAM from the SRTR. We investigated whether the minimum MELD for sharing could be safely increased, the consequences of increasing minimum MELD for local DSA allocation, the possible benefit of enlarging the distance for sharing, and finally directed sharing approaches in which certain areas with high median MELD are targeted for allocation priority. We tested these approaches to determine whether they could provide a better solution than the current proposals according to the following criteria: (1) decrease a chosen parameter of variance, (2) impact outlier DSAs in a meaningful way, (3) be as simple as possible to minimize logistical complexity, (4) protect rural and underserved communities, and (5) adapt over time as disease incidence or other parameters change.
We present a methodology to reduce a chosen variance that is efficient and effective. Importantly, we do not propose what the proper metric should be, merely suggest that when chosen, implementation of our proposed methodology may be a pragmatic and useful solution. 
| MATERIAL S AND ME THODS

| Source code and LSAM modeling
For this portion of the study, we obtained liver transplant data from 2010.1 to 2016.6 from the SRTR. By the time we received 2015.6 to 2016.6 data, the SRTR had not prepared input files for running simulations using LSAM. We followed the SRTR's instructions and performed data cleaning, logic check, variable transformation, and variable matching before creating LSAM-format input files using the most recent data. For quality control purposes, we performed the same procedure on 2010 data and compared these results to the input files contained in the LSAM package.
We All data harmonization, data cleaning, variable matching, statistical analysis, and results summary were performed using R 3.3.1 or a newer version. Source code changes are given in supplemental Figure S1 .
| Model description
To determine a method to decrease differences in allocation MELD at transplant while maintaining local priority, we performed an exploratory analysis to determine the effect of increasing the minimum MELD score for local priority. We started at 15 and then increased to 17 and finally 19. To determine the effect of increasing the sharing distance, we increased this distance from 500 to 1500 miles in 500-mile increments. We then examined a methodology in which either 5% or 10%
of organs would be preferentially shared into a distant DSA targeted based on high median MELD at transplant. In this scenario, organs recovered in any nontargeted DSA (non-high MELD DSA) had a chance of being allocated, using a randomization algorithm, to a targeted DSA (high MELD DSA) without regard to organ quality.
To determine the DSAs targeted for directed sharing, we selected those in which the current OPTN data showed the median allocation MELD at transplant was 1 median absolute deviation 
| Determination of underserved areas
To identify underserved areas, we reviewed the Commonwealth
Fund Results from a Scorecard on State Health System Performance, which ranks states on access and affordability, prevention and treatment, avoidable hospital use and cost, rates of premature death and obesity, and quality of care between on the one hand, low income and racial and ethnic minorities, and on the other hand, the US average for that indicator. 10 Based on these results, the 6 US states with the most vulnerable populations were Mississippi, Oklahoma, Arkansas, Louisiana, Alabama, and Georgia. For the most part, these states are single DSA states, making it relatively easy to interpret the effect of the proposed changes on these states. DSAs in these regions were designated as low health quality index (HQI) regions.
| Modeling considerations
We chose to study MELD at transplant and see how our models would impact the variance. We do not advocate that this is the optimal metric of disparity. We simply use this as a measure to test the usefulness of our approach. The model can easily accommodate other metrics of disparity by changing which DSAs are designated as targeted.
| RE SULTS
| Choice of minimum MELD for sharing
Our first conceptual question was to investigate the effects of raising the minimum MELD for sharing outside of the DSA. In particular,
we were interested in whether a significant number of patients with low MELD scores would either improve or stay the same as evidence of a low priority for needing a liver transplant. We then determined and "other" diagnoses were associated with reduced likelihood of stable/improved MELD (all P ≤ .005). We conclude from a national resource standpoint that raising the threshold for sharing is likely to improve outcomes overall for liver transplantation by providing organs to patients more likely to progress in their disease.
| Preliminary modeling
We examined the ramifications of raising the minimum MELD for local allocation from 15 to 17 and then 19 compared to the current model (examples given in supplemental Table S1 ). Using 19 was superior in terms of decreasing disparity and making more organs available to California, which has the highest median MELD scores in the country, and we chose this as the better minimum (data not shown).
We next ran preliminary scenarios looking at different maximal travel distances that would specifically provide relief to California and Massachusetts, which have high median MELD scores and are geographically isolated and relatively far from areas of relatively low MELD. Among 500, 1000, and 1500 miles of radius, only the 1500-mile distance impacted California in a meaningful way (examples given in supplemental Table S1 ). Although this large a circle would create logistical challenges for sharing among all patients within the circle, with the constraints of directed sharing to a limited number of DSAs that are 1 MAD above the median MELD, this does not add significant logistical complexity.
Finally, we examined scenarios in which a percentage of organs would be preferentially shared into regions with a high median. We tested 5% or 10% and found only 10% sharing made a significant difference in MELD variance (supplemental Table S1 ).
Together, therefore, we focused on increasing the minimum MELD for local allocation to 19, a sharing distance of 1500 miles, and sharing 10% of organs to high MAD DSAs.
| Consequences of raising the minimum MELD for local allocation to 19
Based on our previous results, we used LSAM modeling to predict the outcome of raising the minimum MELD for local allocation to 19.
Increasing the MELD threshold to 19 (Local19, Table 2 ) compared to the current model decreased total transplants by 18 (0.3%), and decreased variance (MELD SD squared) at transplant from 13.6 to 10.2 (25%). Waiting list deaths decreased by 22 (1.5%), total deaths decreased by 32 (1.2%), discards increased by 18 (3.4%), and flights increased by 258 (6.5%) to a total of 51.6% ( Table 2 ). The full dataset including DSA level results is contained in Supplemental Table S2 .
To examine the effects on both high MELD and vulnerable populations, we assessed the impact on the targeted high MELD DSAs (High MELD DSA, We conclude that increasing the lower threshold for local organ allocation decreases variance, increases transplants in high MELD areas, marginally increases flights, and decreases deaths in both high MELD and underserved regions.
| Consequences of sharing 10% of recovered organs into high MELD DSAs within 1500 miles of the recovering center
In an effort to optimize benefit to high MELD areas, we created a scenario in which 10% of organs across the country in non-high MELD areas (not >1 MAD) were principally allocated, chosen on a random basis, to high MELD DSAs within a 1500-mile radius. This distance was chosen based on our preliminary modeling and with recognition of distances in the far west and northeast areas of the country.
Under this scenario (Share10, (0.6%), and waiting list deaths increased by 3 (3.6%) ( Table 3) .
We conclude that sharing 10% of organs into regions of need has a moderate impact on disparity but significantly increases transplants in high MELD areas and decreases deaths in these areas. This scenario decreases transplants in low-quality health care areas but only increases death by a small amount (3 total TA
| Consequences of combining raising minimum MELD for local allocation to 19 and sharing 10% into high MELD DSAs within 1500 miles of the recovering center
To determine the results of combining these scenarios, we modeled raising the low MELD threshold for local allocation to 19 together with sharing 10% of organs into high MELD DSAs. In this scenario, the total number of transplants decreased by 22 (0.3%), variance at transplant decreased from 13.6 to 9.8 (28%), discarded organs increased by 22 (4.2%), total deaths decreased by 52 (1.9%), waitlist deaths decreased by 30 (2.1%), and flights increased by 302 (7.6%) ( Table 2 ).
Transplants into high MELD areas increased by 292 (8.7%), total deaths decreased by 39 (2.5%), and waiting list deaths by 33 (3.9%).
Transplants into low-quality health care states decreased by 62 (8.3%), total deaths decreased by 5 (2.8%), and waiting list deaths decreased by 2 (2.4%) ( Table 3) .
We note that this schema brings an additional 54 organs into California, many more than the current models put forth for community consideration by UNOS/OPTN.
We conclude that this scenario generally combines the changes of the previous 2 models, moving more organs into high MELD areas, decreasing transplants in low healthcare quality areas, but without significantly increasing deaths in these areas.
| Effect of changing the priority from region to high MELD DSAs within 1500 miles of the recovering center with and without share 35
We next examined an alternative scenario in which after DSA allocation, livers were offered to DSAs 1 MAD above the median instead of the OPTN region (Tables 2 and 3 , Target 25). A representative example of a logic flow is provided in Figure 2 . Under this scenario, total transplants increased by 54, variance at transplant decreased from 13.6 to 12.3 by (9.6%), total deaths decreased by 72 (9.7%), waitlist deaths decreased by 53 (3.7%), and flights increased by 5 (0.1%) ( Table 2 ).
Transplants into high MELD areas increased by 466 (13.9%), total deaths decreased by 64 (4.0%), and waitlist deaths decreased by 71 (8.4%). Transplants into low healthcare quality areas decreased by 112 (15%), whereas total deaths decreased by 2 (1.1%), and waitlist deaths increased by 6 (7.2%) ( Table 3) . into low healthcare quality states decreased by 109 (14.5%), total deaths decreased by 9, and waiting list deaths increased by 14
Under these scenarios, transplants increase, there is a more significant increase in transplants into high MELD regions, but more of a deleterious effect on areas with low healthcare quality.
| Consequences of sharing for laboratory MELD only
It is generally accepted that patients with MELD exception scores are relatively advantaged with regard to waiting list mortality. 11, 12 To address this, the community considered broader sharing only based on laboratory MELD. We determined the impact of this in our models.
Examining the local 19 and share 10% scenarios together, limiting this sharing to laboratory MELD only resulted in very minor differences compared to sharing for all allocation MELD scores including total transplants, variance in MELD at transplant, total deaths, waiting list deaths, and total flights (all <1% difference; data not shown).
We conclude that sharing only for laboratory MELD does not have a significant impact on MELD variance.
| D ISCUSS I ON
In this report, we present data to justify raising the minimum MELD threshold for local allocation, and show that it decreases MELD variance without significant effect on deaths. We then offer a framework for new models that decrease variance and use this to demonstrate that our approach can decrease variance of MELD with minimal adverse effects.
Recent efforts by OPTN/UNOS to decrease MELD variance at transplant successfully impact this metric but with many adverse consequences, including predicting fewer transplants and concern for a negative impact on underserved areas. Furthermore, these proposals provide marginal benefit to Southern California, with by far the highest transplant MELD scores in the country. We developed an iterative approach to this problem and show that our proposed system is capable of addressing MELD (and likely any other geographic disparity) more efficiently than the recently adopted proposal, which has minimal impact on median MELD at transplant, and also is superior to other proposals considered by the OPTN/ UNOS. In particular, our best scenario reduces MELD variance by 28% compared to the recently adopted plan, which decreases MELD variance by 26%.
Our attempt to improve on the models should not be seen as an endorsement of MELD at transplant as an appropriate metric of disparity. We merely seek to present models that could be efficiently implemented once any metric is agreed upon.
Our findings show that increasing minimum MELD for local sharing decreases variance in MELD at transplant, waiting list, and overall deaths without a significant increase in flying. We believe this is because a subset of these low MELD patients will have stable disease over a year. This may result in placement of organs to maximize utility by shifting organs to patients who will more reliably require transplantation over the year. Limitations of this analysis are that patients who received a transplant were counted as progressing in their disease, which is not necessarily the case. Our numbers are therefore a lower limit of the number of patients with stable
disease.
An interesting finding of the modeling is that in certain areas where transplants decrease, waiting list mortality also decreased.
We postulate that this may be due to better use of the organs into patients with higher MELD by distributing organs over a wider region.
Increasing the lower MELD limit will lead to fewer low MELD patients receiving liver transplant, leading to additional sicker patients receiving a transplant. This may increase costs and resource use, and potentially lower posttransplant survival. 13 The community will need to consider whether this is desirable. On the other hand, the benefit of transplant in low laboratory MELD patients, especially
those with hepatocellular carcinoma, may be limited. 14 Increasing the distance organs could travel is a pragmatic decision to address the large size and geographic isolation of Southern California and
Massachusetts. Our 1500-mile limit should allow the organ to be implanted within 8 hours if the recipient operation begins prior to the arrival of the organ.
The 10% sharing maximizes the benefits gained by moving organs according to selectively targeted regions. This could be targeted to any metric agreed upon by the community. This system would limit organ travel out of each DSA, and would adjust at predetermined intervals as the measure of need changes.
This study has a number of other limitations. The LSAM models do not account for current or future center behavior, which are likely to blunt the impact of allocation changes. Importantly, as Lynch and colleagues 15 have shown, waiting list mortalities are higher in rural and underserved areas. We have therefore likely underestimated the mortality increase in rural and underserved areas as organs move out of these regions.
In this report, we present a framework for improving allocation policy, which we believe is consistent with statutory guidelines including best use of organs, incremental change, and protection of vulnerable populations. This framework requires input from the community regarding proper metrics of disparity. We envision that the identification of targeted DSAs would occur yearly. This will accommodate the expected large decrease in hepatitis C prevalence and large increase in nonalcoholic fatty liver disease. It is our hope that these results will better inform the current debate over liver allocation, and help the community arrive at a system that is as fair as possible.
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